Abstract: Long-term stable remote laser synchronization over a 3.5 km long polarization maintaining fiber link is demonstrated. The residual rms-timing jitter and drift over 36-hour operation is 0.96 fs integrated from 100 μHz to 1 MHz.
Introduction
Distributing stable timing signals is particularly important for modern large-scale scientific facilities, such as X-ray free-electron lasers (FELs) [1] . The European XFEL [1] , the largest FEL under construction is 3.5 km long. New FEL designs for the Linac Coherent Light Source II are directed towards the production of sub-fs X-ray pulses. To reach the full potential of these facilities, long-term stable remote optical-to-optical laser synchronization with sub-fs precision over several kilometers of link length is desirable. Yet, there are no related reports at this level of timing precision from laser to laser on the kilometer distance scale. We have been advancing timing distribution systems based on mode-locked lasers and balanced optical cross-correlators (BOCs) for the past decade [2] [3] [4] . We implemented the first remote optical-to-optical synchronization using a 300-m standard single-mode fiber link over 3.5 hours, resulting in 2.3 fs rms-timing drift below 0.5 Hz [3] . Recently, we also achieved long-term stabilization of a 1.2-km polarization-maintaining (PM) fiber link within 0.6 fs rms-timing drift (<0.5 Hz) over 16 days of operation [4] . In this paper, we extend this work to remote laser synchronization over a 3.5-km polarization-maintaining fiber link. Synchronization of two 1.55-m lasers at each end of the link within only 0.59 fs timing drift (<1 Hz) is achieved for 36 hours of continuous operation, and the integrated jitter from 100 μHz to 1 MHz is 0.96 fs. This level of precision closely meets the timing requirements of the next generation of FELs.
Experimental setup
The experimental setup for remote laser synchronization is shown in Fig. 1 . The whole setup consists of four sections: link-stabilization, link-transmission, remote laser lock and out-of-loop measurement. Both the master and remote laser are Onefive's Origami-15, with 216.667 MHz repetition rate, 160 fs pulse widths, and 1554 nm center wavelength. The repetition rate of the master laser was locked to a microwave reference to reduce the pulse timing drift below 10 Hz. In the link-stabilization section, the pulse train from the master laser was divided up by PBS 3 into pulse trains in the reference path and in the link path. The reference path is only 4 cm to minimize environmental instability. The link stabilization loop begins with the in-loop BOC 1. The balanced photo-detector has a 3-dB bandwidth of 1 MHz. The output voltage of a proportional-integral (PI) controller was divided into two paths. The first path was amplified to control a PM fiber stretcher, which was responsible for compensating fast link length fluctuations. The second path was sampled by a data acquisition (DAQ) card, and used to control a motorized stage through a Labview program. Both the second and third order dispersion of the 3.5 km long link were carefully compensated, and we achieved a pulse width of 400 fs at the EDFA's output. In the remote laser lock section, the link output was combined with the remote laser output using PBS 4, and then launched into BOC 2 to generate the timing error signal for the feedback control. In order to achieve a stable locking, the output of a PI controller was directly applied to the remote laser PZT with a sensitivity of 17.4 Hz/V; while another amplified computercontrolled voltage was responsible for large range compensation. Finally, the original pulse trains of the master and remote laser were combined by PBS 5 and launched into BOC 3, to evaluate the out-of-loop timing jitter and drift.
Temperature stabilization and vibration isolation of the free-space optics are important to measure the true residual timing errors accurately. A super invar face sheet was placed on the top of a water-cooled breadboard, which was controlled by a chiller to stabilize the temperature of the invar face sheet with ±0.1°C variation. All the free-space components were fixed on this invar sheet to reduce the measurement errors induced by temperature changes. Lead foam was placed beneath the water-cooled breadboard to dampen vibrations from the table. A twolayer enclosure with acoustic heavy foil for the inner layer and high-density polyethylene (HDPE) for the outer layer was also built to isolate the setup from acoustic noise.
For measuring the residual timing jitter of the link only, we can use a reduced setup. The link-stabilization section was still used to perform link stabilization; the out-of-loop section can be used to evaluate the link stability by comparing the timing difference between the link output pulse and the original pulse of the master laser. 
Link-Transmission

Measurement results
A link stabilization measurement was first taken with the reduced setup. Link stabilization for 80 hours was achieved without interruption. In Fig. 2(a) , the link drift below 1Hz has a maximum deviation of about 1.4 fs and an rms-value of 0.176 fs. Fig. 2(b) shows the complete jitter spectral density from 4 μHz to 1 MHz, and the integrated drift from 100 μHz to 1 MHz is only 0.36 fs. For the remote laser synchronization measurement, 36 hours of uninterrupted operation was achieved. The residual timing drift between both lasers had an rms-value of 0.59 fs and +/-1.5 fs peak-to-peak, as shown in Fig. 2(c) . The complete jitter spectral density from 8 μHz to 1 MHz is given in Fig. 2(d) , showing an integrated jitter of 0.96 fs at [100 μHz, 1 MHz]. Therefore, long-term stable remote laser synchronization at the 1-fs timing level has been successfully realized. 
